Indicate statistically significant differences, p \ 0.05; OR = odds ratio; TJA = total joint arthroplasty; N/A = no calculable zero deaths.
Abstract
Background The influence of resident involvement on short-term outcomes after orthopaedic surgery is mostly unknown. Questions/purposes The purposes of our study were to examine the effects of resident involvement in surgical cases on short-term morbidity, mortality, operating time, hospital length of stay, and reoperation rate and to analyze these parameters by level of training. Methods The 2005-2011 American College of Surgeons National Surgical Quality Improvement Program data set was queried using Current Procedural Terminology codes for 66,817 cases across six orthopaedic procedural domains: 28,686 primary total joint arthroplasties (TJAs), 2412 revision TJAs, 16 ,832 basic and 5916 advanced arthroscopies, 8221 lower extremity traumas, and 4750 spine arthrodeses (fusions). Bivariate and multivariate logistic regression and propensity scores were used to build models of risk adjustment. We compared the morbidity and mortality rates, length of operating time, hospital length of stay, and reoperation rate for cases with or without resident involvement. For cases with resident participation, we analyzed the same parameters by training level. Results Resident participation was associated with higher morbidity in TJAs (odds ratio [OR], 1.6; range, 1.4-1.9), lower extremity trauma (OR, 1.3; range, 1.2-1.5), and fusion (OR, 1.4; range, 1.2-1.7) after adjustment. However, resident involvement was not associated with increased mortality. Operative time was greater (all p \ 0.001) with resident involvement in all procedural domains. Longer hospital length of stay was associated with resident participation in lower extremity trauma (p \ 0.001) and fusion cases (p = 0.003), but resident participation did not affect length of stay in other domains. Resident involvement was associated with greater 30-day reoperation rates for cases of lower extremity trauma (p = 0.041) and fusion (p \ 0.001). Level of resident training did not consistently influence surgical outcomes. Conclusions Results of our study suggest resident involvement in surgical procedures is not associated with increased short-term major morbidity and mortality after select cases in orthopaedic surgery. Findings of longer operating times and differences in minor morbidity should lead to future initiatives to provide resident surgical skills training and improve perioperative efficiency in the academic setting.
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Introduction
Resident education has long been a system of graduated responsibility under the guidance of an attending physician. This model is in widespread use, and teaching hospitals are recognized as providing excellent levels of care [5] . In surgical graduate medical education, surgical skills are acquired predominantly in the operating room during supervised participation in actual surgical cases. The current Accreditation Council for Graduate Medical Education (ACGME) guidelines place renewed emphasis on reducing perioperative morbidity and mortality [27] , and the methods by which residents acquire surgical skills have been specifically identified as a potential area for improvement [9] . Some studies have shown that a significant learning curve exists for orthopaedic procedures and that surgeons reduce their operative times with increasing experience [7, 36] .
In the general surgery literature, several studies have directly evaluated the effect of resident involvement in surgical procedures [1, 11, 14, 18, 25, 31] . Some of these studies have used the National Surgical Quality Improvement Program (NSQIP), a quality assessment tool used by the American College of Surgeons (ACS) [34] . The ACS NSQIP prospectively collects more than 250 surgical preoperative patient demographics, comorbidities, laboratory values, operative variables, and 30-day outcome variables from 483 participating institutions split into nearly a 50/50 mix of private and academic hospitals. Postoperative 30day outcomes across 21 categories of morbidity and mortality are recorded by specially trained surgical clinical reviewers. Data collection continues prospectively for 30 days regardless of inpatient status. High data fidelity is ensured by routine auditing with a disagreement rate less than 1.8% [34] . Given these advantages, the use of the ACS NSQIP database has been accepted for use in short-term surgical outcomes in various surgical specialties, including general surgery, vascular surgery, and orthopaedic surgery [6, 13, 24] .
In the general surgery literature, numerous studies have evaluated the effect of resident involvement in surgical procedures [1, 11, 14, 16, 18, 25, 31] . These studies showed there were minor differences in patient morbidity with resident surgical participation without any differences in mortality [1, 11, 18, 25, 31] and that the level of resident supervision in the operating room did not consistently influence complications [16] . Some studies also showed significantly longer operative times with simple and complex procedures [1, 11, 14] . To the best of our knowledge, no study has shown a negative effect of resident participation on short-term patient morbidity or mortality in orthopaedic procedures [4, 37] .
The purpose of our study was to use the ACS NSQIP to evaluate whether resident participation in surgery affected (1) morbidity rate; (2) mortality rate; (3) length of operation; (4) hospital length of stay; and (5) reoperation rate across six major domains of orthopaedic surgery (primary total joint arthroplasty [TJA], revision TJA, basic and advanced arthroscopy, lower extremity trauma, and spine arthrodesis). A secondary goal was to subanalyze the influence of resident level of training (junior, senior, fellow) on the same outcomes.
Patients and Methods
The ACS NSQIP database was queried for patients undergoing orthopaedic surgery between 2005 and 2011. The cases were assigned to one of six procedural domains: primary TKA/THA, revision TKA/THA, basic arthroscopy (shoulder and knee), advanced arthroscopy (ACL reconstruction and rotator cuff repair), lower extremity fracture treatment (hip fracture open reduction and internal fixation [ORIF], femur/tibia intramedullary rodding, ankle fracture ORIF), and spine arthrodesis (cervical and lumbar). These domains were based on those defined by the ACGME for residency training competency. Surgical cases were selected based on Current Procedural Terminology (CPT) codes and then grouped by domain (Appendix 1). Emergency cases (except in lower extremity trauma), preoperative infections, sepsis, and multilevel complex spine fusions (levels greater than three and osteotomies) were excluded. The NSQIP database records whether a resident was present (logged as an assistant) for a case and specifies their year and level of training. In total, 66,817 patients undergoing orthopaedic surgery were identified from the NSQIP data files. In the defined surgical domains, there were 28,686 primary TJAs, 2412 revision TJAs, 16,832 basic arthroscopies, 5916 advanced arthroscopies, 8221 cases of lower extremity trauma, and 4750 spine arthrodeses. Overall, residents participated in 25.7% or 17,011 of these NSQIP cases. In the subgroups, resident involvement ranged from 20% in basic arthroscopies to 44% in revision TJAs (25% in TJAs, 24% in advanced arthroscopies, 31% in lower extremity trauma, 34% in spine arthrodeses). All data were collected prospectively by a trained, onsite, nurse abstractor. Thirty-day followup data are collected regardless of inpatient status, with disagreement rates less than 2% [2] . Multiple methods, including chart review, surgeon queries, and direct patient (or family) contact are used to ensure high data fidelity. Furthermore, the reliability administrative claims data have been questioned [8, 19] , especially when directly compared with the NSQIP [21] . Overall, the use of the ACS NSQIP database has been accepted for use in short-term surgical outcomes by various surgical specialties, including general surgery, vascular surgery, and orthopaedic surgery [6, 13, 24] . We analyzed orthopaedic-relevant NSQIP patient and case variables. These included demographic data (age, sex, and race), adverse health habits, medical comorbidities, preoperative laboratory, and operative variables ( Table 1 ) [2] . For most domains, patient demographics differed between residents and nonresidents. Patient age varied inconsistently between cohorts. In the primary TJA group, for example, patient age was slightly older in the nonresident group (66.9 versus 65.5 years, p \ 0.001), whereas in the spine arthrodesis group, patient age was older in the resident group (56.2 versus 54.4 years, p \ 0.001). Total case Relative Value Units were used to assess case complexity and later entered in the adjustment models. Unadjusted mean case Relative Value Units were greater for residents for spine cases (38.2 versus 30.1 units, p \ 0.001). When Relative Value Units were entered in the multivariate model, they narrowed the morbidity and mortality odds ratio (OR) differences between residents and nonresidents. Each of the six orthopaedic procedural domains was analyzed for 30-day morbidity and mortality.
Morbidity was defined as the occurrence of any one of the 30-day complications and mortality was defined as death within 30 days. The NSQIP reports on more than 25 shortterm complications (Table 2 ) in the following categories: local infections, systemic infections, cardiac, hematologic, respiratory, renal, neurologic, and reoperation. Complications were subcategorized into major and minor groups [22, 28, 32] . Minor complications included superficial wound infection, pneumonia, urinary tract infection, deep vein thrombosis, blood transfusion, and renal insufficiency.
Overall and domain-specific rates of morbidity, mortality, operative time, hospital length of stay, and rate of reoperation within 30 days were calculated.
Bivariate, multivariate logistic regression, and propensity scores were used to build models of risk adjustment. Ultimately, our goal was to build six independent propensity score-adjusted models to correct for the inherent selection bias and compare these results with the crude unadjusted resident versus nonresident complication rates. For each domain, bivariate analysis identified differences between patient characteristics and comorbidities. Student's t-tests and chi-square analysis were used and significance was defined as p less than 0.05. SAS 9.3 for Windows (SAS Institute, Cary, NC, USA) was used to perform the statistical analysis.
Propensity scores were introduced as a method to control for selection bias between resident and nonresident groups. The propensity score is defined as the conditional probability of receiving one treatment (resident case) over another (nonresident) based on the inherent patient characteristic of covariants. This score is reported as a continuous variable between zero and one. Historically, teaching hospitals see sicker, more complex patients. The potential for selection bias is high. Although three methods of propensity score analysis have been described, matching and logistic regression [10] were used in this study. The propensity scores were created by identifying any imbalance between cohorts. First, univariate analysis was used to compare resident versus nonresident variables for each of the six domains. Any variable with a p value less than 0.1 was considered for inclusion in the propensity score.
Additionally, case complexity was controlled by including aggregate case Relative Value Units in the propensity scores. The NSQIP captures up to 11 procedural CPT codes and their corresponding Relative Value Units. For certain domains like primary TJA, where usually one CPT code was claimed, there was relatively little imbalance, but for more complex procedures such as spine arthrodesis, this imbalance was significant. Surgical operative time also was included in the propensity score. Finally, the propensity score was incorporated in a multivariate logistic regression model. These adjustments were In a separate analysis, all resident cases from each of the six domains were subdivided into three groups of increasing resident experience: postgraduate years 1 to 3 (junior), years 4 to 5 (senior), and years greater than 5 (fellow). For each domain, these three resident levels were compared for morbidity, mortality, operative time, hospital length of stay, and 30-day rates of return to the operating room using chi-square and ANOVA statistical methods for categorical and continuous variables.
Results
Patient morbidity was greater when residents were involved in cases of revision TJA, lower extremity trauma, and spine arthrodesis ( Table 3 ). The increased morbidity OR of resident participation in these domains decreased but still remained after propensity adjustment (Table 4 ). These morbidity differences were from minor complications in the revision TJA and lower extremity trauma cohorts but major and minor morbidities in spine fusion procedures.
Overall patient mortality was not greater with resident involvement. After propensity score risk adjustment, there were no differences in mortality ( Operative time was greater (all p \ 0.001) with resident involvement in all procedural domains (Table 3) .
Longer hospital length of stay was associated with resident participation for lower extremity trauma (p \ 0.001) and spine arthrodesis (p = 0.003); resident participation did not affect length of stay in other domains ( Table 3 ).
Similar to length of stay, resident participation was associated with greater 30-day reoperation rate for lower extremity trauma (p = 0.041) and spine arthrodesis (p \ 0.001).
Level of resident training did not consistently influence operative time, hospital length of stay, or 30-day surgical outcomes ( Table 5 ). In the primary TJA domain, for example, no differences were noted among junior, senior, and fellow levels for operative time (p = 0.28), return to the operating room (p = 0.80), morbidity (p = 0.11), or mortality (p = 0.96). Additionally, in 99% of cases the attending surgeon was physically present in the operating room. In the other 36 of 17,011 cases, an attending was not present but was immediately available.
Discussion
Resident education is pivotal to providing healthcare providers in the future. All current surgeons learned their skills in a residency program. In this study, the ACS NSQIP data were examined to assess the effect resident involvement in procedures had on short-term complications after six major orthopaedic surgery domains of variable technical complexity. Small differences in minor morbidity, after complex procedures, with no associated differences in patient mortality were found. Operative times generally were longer when residents were involved in procedures. Different resident training levels did not affect the hospital length of stay, return to the operating room, morbidity, or mortality.
This study has several limitations. Although our findings show few differences in complications between resident and nonresident cohorts, the adequacy of risk adjustment is a limitation. It is known that academic hospitals often treat patients with a greater medical disease burden, a characteristic we attempted to adjust for with propensity score modeling. In an attempt to adjust for other inequalities in orthopaedic disease severity, we took several steps including excluding complex CPT codes such as spine osteotomies. In addition, aggregate case Relative Value Units were calculated and entered in our risk adjustment modeling. This technique for case mix adjustment has been described for use with the NSQIP [12, 13] . Although these techniques may help reduce some of bias, they cannot account for the wide range of orthopaedic disease severity as, for example, in patients having revision TJAs. In addition, the NSQIP does not specifically differentiate academic versus private hospitals. A previous NSQIP study [31] , however, showed that the hospital type ratio is nearly identical to the resident versus nonresident ratio, implying that nearly every academic case had a resident. Other limitations included short-term, 30-day data collection; some orthopaedic complications occur after this time. In addition, the NSQIP does not capture orthopaedic-specific outcomes such as pain level and functional status. Despite these limitations, we believe the NSQIP provides clinical data of the highest integrity and is worthy of exposure to the orthopaedic community. Programs like the ACS NSQIP have been recognized nationally for decreasing morbidity and mortality for participating general surgery departments [15] .
In our study, resident involvement had minimal effect on morbidity and no effect on 30-day mortality. These results are largely consistent with those of studies published in the general surgery literature using the ACS NSQIP data set [1, 11, 14, 18, 25, 31] . In these retrospective reviews, the authors concluded that resident involvement in general surgical cases was associated with a slightly higher risk of morbidity but a lower risk of mortality [31, 35] . The evidence that resident involvement in surgical cases increases errors is mixed [3, 4, 20, 37] . Although few studies in the orthopaedic literature have examined this issue, they concluded that resident involvement did not increase the incidence of complications in TJA [37] or in scoliosis surgery [4] . In the general surgery literature, one study showed a 5% increase in the incidence of complications with junior resident involvement in cholecystectomy [17] . A prospective patient-controlled trial of patients undergoing mastectomy showed no difference in complications with resident involvement [26] . In another recent study, Schoenfeld et al. [33] reviewed 43,343 orthopaedic cases and reported a small increase in morbidity for arthroplasty procedures with resident involvement but no increased morbidity in spine, hand, amputations, or sports cases. When stratified for severity of morbidity, only differences in minor complications were observed. Multiple factors may explain our findings of greater morbidity with resident involvement. Resident participation alone should not be blamed for greater minor morbidity; the observed differences must be interpreted with caution. First, this increase in morbidity may have low clinical relevance. Second, increased morbidity with resident involvement may represent more widespread inefficacies associated with the training environment. In these hospitals, trainees pervade all aspects of care delivery from the anesthesia to nursing teams. Inexperienced anesthesia personnel may be more likely to cause airway trauma or increase time to intubation. Novice nursing staff may slow operating room setup, lack familiarity with surgeon instrumentation and preferences, and cause greater breaches in the sterile field. These inefficiencies in the academic setting will compound throughout all phases of care, increasing the risk of an adverse event. Third, academic hospitals often treat patients with a greater disease burden, a characteristic we attempted to adjust for with propensity score modeling. Ultimately, efficiency throughout all phases of care should remain an important goal, especially in the academic setting.
There were significant differences in operative time between resident and nonresident cases in all six of the surgical domains. These differences ranged from 7 minutes in basic arthroscopy to 41 minutes with spine fusions. Although statistical differences were detected, the influence of disease severity and the clinical significance of these findings are not known. In the general surgery and orthopaedic literature, resident participation leads to prolonged operative times [1, 11, 33] . It is possible that the slight increases in morbidity we found are primarily the result of the increased operative time necessary for teaching in the operating room. Some studies have associated prolonged operative times with greater morbidity, particularly surgical site infections [23, 29, 30] . Either way, preventing prolonged operative time should be an important goal when residents are involved with surgical procedures.
To our knowledge, the influence of resident participation on patients' hospital length of stay has not been evaluated before. According to our findings, length of stay did not differ for arthroplasty and arthroscopy cases. Patients undergoing these procedures typically have more routine, streamlined postoperative protocols that do not differ much between patients. Length of stay, however, was approximately 1 day longer for patients with lower extremity trauma and 1 .
2 day longer for patients having spine arthrodesis. We suspect that the more heterogeneous nature of these types of injuries causes more variability in postoperative discharge protocols. Although we excluded patients with polytrauma and complex spinal procedures, as aforementioned, we cannot guarantee the resident and nonresident groups to be completely equal. As more residents typically work at tertiary referral centers, this may explain some differences in length of stay. Either way, hospitals, payers, and policymakers should recognize this trend and maintain higher funding for graduate medical education.
Our findings regarding reoperation rates showed a similar trend as LOS. Thirty-day reoperation rates were not different with resident participation for arthroplasty and arthroscopy. Both of these numbers were low and similar to previously reported rates [22, 30] . Reoperation rates were slightly greater (less than 1%) in cases with resident involvement for lower extremity trauma. Reoperation rates, however, were almost double for cases with resident involvement. It is known that academic centers treat some complex patients with previously failed surgeries. We also suspect that some of these reoperations may be planned or two-stage surgeries. Although the NSQIP has begun differentiating between planned and unplanned reoperations in their data collection methods, they were not separated in 2005 to 2011. As pay-for-performance programs become more widespread, policymakers should proceed cautiously as the etiology of these differences in reoperation rates are not fully understood.
Interestingly, the experience level of resident participation (junior, senior, or fellow) and supervision did not consistently influence short-term patient complications. In general, variations in patients' length of stay, operative time, reoperation, morbidity, and mortality were not associated with higher or lower resident year in training. For example, in the primary TJA domain, no clinically significant differences were observed; operative time varied by 2 minutes between junior and senior residents, morbidity by less than 2%, and mortality by less than 0.1%. An exception to this, however, was greater morbidity, length of stay, and operative time with fellow participation in lower extremity trauma cases. We suspect these cases were of greater difficulty and more attending autonomy was given. These findings were largely consistent with those of two NSQIP studies in the general surgery literature [1, 11] . These studies reported no consistent variation in morbidity with resident level, but longer operative times with senior resident or fellow participation for select procedures. Nevertheless, we found faculty supervision over residents in the operating room was performed consistently, with the faculty member physically present in the operating room in more than 99% of cases. These results are similar to previously published data from the Veterans Affairs NSQIP [16] . We suspect that these results imply appropriate graduated responsibility among resident surgeons.
Resident involvement in orthopaedic surgery procedures was not associated with increases in major morbidity or mortality across all domains. Operative times were longer for orthopaedic surgery cases with residents involved across the range of operative complexity. These findings highlight the importance of teaching efficient healthcare delivery in the academic setting.
